Background-Vascular calcification (VC) is a strong prognostic marker of mortality from cardiovascular disease. Extracellular inorganic pyrophosphate (PPi) is a critical inhibitor of vascular calcification and it has been reported that hemodialysis patients have reduced plasma PPi levels, suggesting that altered PPi metabolism could contribute to VC in hemodialysis patients. Platelets are rich in PPi and release of PPi from platelets during storage or processing of plasma can lead to falsely elevated plasma PPi levels. To prepare plasma samples that are suitable for measuring PPi levels, ultracentrifugation has been used to remove platelets. Consequently, plasma PPi measurements have been limited to research laboratories since the majority of clinical laboratories do not have access to an ultracentrifuge. The purpose of the present study was to test the validity of an improved method of preparing platelet free plasma that uses filtration with a 300,000 Dalton molecular weight cut-off filter to exclude platelets, while minimizing their release of PPi.
INTRODUCTION
Vascular calcification (VC) is a strong prognostic marker of mortality due to cardiovascular disease in CKD patients [1, 2] . Although the mechanism of calcification is not completely understood, it is clear from in vitro, animal, and human studies that extracellular inorganic pyrophosphate plays a key role [1, [3] [4] [5] [6] [7] [8] [9] [10] . Pyrophosphate (PPi) is a critical inhibitor of vascular calcification that is present in human plasma at levels that inhibit vascular calcification in vitro. Additionally, plasma PPi levels are reduced in hemodialysis patients and correlate with vascular calcification and in some patients PPi levels were below those that have previously been shown to prevent calcification of vessels in culture [11] [12] [13] . Fleisch et al. have reported that PPi inhibits calcification in aortas and kidneys of rats treated with a large amount of vitamin D 3 [14, 15] .
Platelets are a rich source of PPi and release of intracellular pyrophosphate occurs in serum samples due to lysis of platelets leading to falsely elevated levels. Therefore, in order to accurately estimate circulating PPi levels, it is necessary to measure PPi in platelet-depleted plasma [16] . At the present time, standard methods for measuring plasma PPi require removal of platelets by use of ultracentrifugation [17] . Consequently, plasma PPi measurements have been limited to research laboratories since the majority of clinical laboratories do not have access to an ultracentrifuge.
There is an unmet need for a simple method to prepare platelet-depleted plasma using equipment readily available in clinical laboratories. Gupta et al. have previously described a simple method to prepare platelet-free plasma using a serum fractionating centrifuge tube and a tabletop centrifuge, and compared this novel method versus the currently used ultracentrifugation method to estimate plasma PPi levels in normal volunteers [18] . The purpose of the present study is to validate this simple filtration method for the preparation of platelet-free plasma and to measure plasma PPi.
MATERIALS AND METHODS

Subjects
Measurements were made in platelet-rich residue samples and platelet-free plasma samples from 20 patients undergoing hemodialysis at the dialysis unit in El Paso, TX, USA. The research was carried out according to the principles of the Declaration of Helsinki. Informed consent was obtained after a description of the procedures and purpose of the study. Results reported here are part of a larger study, which was approved by our institutional review board.
Plasma Samples
A 6 mL blood sample was drawn from the venous side of the hemodialysis access, before beginning routine hemodialysis, and saved in an ice-cold plastic vacutainer tube treated with sodium heparin. Heparin was used as anticoagulant since EDTA has been shown to interfere with the PPi assay [11] . Ryan et al. have shown that physical trauma from venipuncture can cause artificially high PPi concentrations because of the release of PPi from platelets; consequently samples were drawn directly from dialysis access to minimize this effect [17] .
Samples were kept on ice until they were centrifuged at 2000g for 20 minutes using a refrigerated centrifuge at 4°C (Beckman GS-6R) to isolate plasma from whole blood.
Preparation of platelet-free plasma
About 2 -2.5 mL of plasma, collected as described above, was placed into the outer tube of a pre-cooled Centrisart I ® tube (13279-E, Sartorius AG, Germany) and prepared according to manufacturer's instructions. Average time interval between collection of the blood samples and beginning of filtration was about 1.5 hours. The Centrisart I filtration tube contains a polyethersulfone (PES) filter with a 300,000 molecular weight cutoff. The Centrisart tubes were centrifuged at 2000g for 20 minutes at 4°C. Filtration of plasma in the outer tube, across the PES filter led to collection of platelet-free plasma into the inner tube. Platelet free plasma was stored at −70°C for further testing. Platelet-enriched residual plasma samples were retained in the outer tube of the Centrisart I tube and stored at −70°C for further testing. Samples were shipped in dry ice to Emory University, Atlanta, GA, USA for assay of PPi.
Measurement of plasma PPi levels
PPi was measured by an enzymatic assay using uridine-disphosphoglucose (UDPG) pyrophosphate as described by Cheung et al. [19] and O'Neill et al. [12] with modifications. Excess uridine 5′-diphospho [ 14 
RESULTS
Initial studies were performed to identify and mitigate potential sources of error in this complex enzyme assay, including contamination of enzyme preparations with PPi, metabolism of the substrate by other enzymes present in plasma, and lack of specificity by UDPG pyrophosphorylase. This was investigated by performing the assays with or without UDPG pyrophosphorylase. Blank samples containing only water gave a signal that was reduced when the enzyme was omitted, suggesting contamination with PPi. This was substantially reduced by using PPi-free water for all reagents. However, there was still a small signal that is probably due to PPi contamination of the enzyme preparations.
Platelets were quantified in four samples by fluorescent flow cytometry (Sysmex XE 5000), which revealed approximately 3 -7 10 3 /μL platelets in platelet-rich residual samples and no platelets in the platelet-free samples. As shown in Figure 3 , filtration of plasma substantially reduced the PPi signal in the assay. There was also some reduction of the PPi-independent signal. This PPi-independent signal varied between samples but there was no correlation with the PPi signal ( Figure 4) . Reproducibility of the measurement of platelet-free PPi was tested by repeating the assay 5 times in a single sample, which yielded a coefficient of variation of 10.5%. To ensure that filtration was not lowering PPi levels due to binding of PPi to the filter, assays were performed on samples with or without 5 μM PPi added to plasma prior to filtration. In plasma samples from 4 normal subjects, there was 98 ± 2% recovery of PPi in the filtered plasma.
PPi was measured in plasma from 20 subjects with end-stage renal disease requiring maintenance hemodialysis. Subjects were 59 ± 7.3 years of age (mean ± SEM) range 48-75 yrs, 75% male, 70% diabetic, and 90% Hispanic. PPi was significantly lower in filtered plasma than in residual plasma samples: 1.39 ± 0.30 μM vs. 2.74 ± 1.19 μM (mean ± SD), p < 0.01 by Wilcoxon Signed Rank test (Table 1) . There was a poor correlation between platelet-rich residual plasma and platelet-free plasma measurements (r = 0.32).
DISCUSSION
Since pyrophosphate plays an important role in preventing vascular calcification, there is a need for accurate measurements in plasma. Over the past forty years, several techniques for measuring PPi have been reported and the major obstacles are the low levels in plasma, the high levels in platelets, and the need for enzyme-based assays. We have developed a plasma assay that minimizes PPi contamination and non-PPi interference, permitting accurate measurements of plasma PPi. In particular, filtration to remove platelets resulted in significantly lower and less variable PPi levels. Since there was no appreciable binding of PPi to the filters, this can only be explained by removal of platelets. This confirms previous reports that plasma samples may overestimate the true levels of extracellular PPi in the circulation due to its release from platelets during analysis. Platelet-rich residual plasma PPi levels were comparable to those reported elsewhere in similar subjects requiring hemodialysis: 2.26 ± 0.19 μM (mean ± SE) and 3.0 ± 1.1 μM (mean ± SD) [11, 12] . These lower values are consistent with the report by Caines et al. who directly quantified [PPi] in both platelets and plasma [20] . The simplified method of removing residual platelets demonstrated here, together with improvements in the assay to eliminate PPi contamination and non-PPi signals, can provide results that are more representative of the true circulating values of PPi in vivo. Clin Lab. Author manuscript; available in PMC 2016 January 31.
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